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In laser material processing the use of nonlinear multi-photon and near-field effects allows to produce nanostructures smaller 
than the wavelength of the processing laser. In the near-field of small particles locally restricted field enhancements occur, 
allowing a focusing of pulsed laser radiation far beyond the diffraction limit. In this contribution a basic study of near-field and 
beam-matter interaction phenomena in microsphere near-field nanostructuring using picosecond laser pulses shall be presented. 
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1. Laser Based Near-Field Nanostructuring 
In the last years nanostructured surfaces became increasingly important in nearly all fields of technology. 
Classical lithographic nanostructuring is an indirect technique consisting of exposure and etching. Due to the 
required sophisticated system technology it is extremely cost intensive and only profitable at high piece numbers. It 
is bound by certain restrictions with respect to producible feature geometries and structurable materials. 
Furthermore, the technology increasingly reaches technical and physical limitations, mainlythe restriction of the 
achievable optical resolution by diffraction. For many applications in biomedicine and technology, where 
lithographic nanostructuring is either not possible or not profitable, ultrafast laser based nanostructuring is a flexible, 
low cost alternative. The use of nonlinear multi-photon and near-field effects allows to achieve and to exceed 
lithographic resolution and to produce nanostructures smaller than the wavelength of the processing laser. In the 
near-field of small particles, fine tips and small apertures illuminated with laser radiation, locally restricted field 
enhancement occurs allowing focusing of pulsed laser radiation far beyond the diffraction limit. In combination with 
multi-photon absorption, relevant for ultrafast beam-matter interaction, these near-field effects allow the production 
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of sub-100-nm structures with wavelengths in the visible and IR range. Small microsphere particles with diameters 
of 0.1 to 10 μm deposited on a substrate surface act as microlenses for the incident laser radiation [MÜN01, 
HUA03, LU03, VES05, NED06, ZHO06, WAN07, GUO07]. Due to the small distance between particle and 
substrate evanescent field components are preserved allowing sub-diffraction limited focusing. Using this technique 
nanostructures of sub-100-nm extent can be produced. Depending on microsphere material and size, substrate 
material, laser wavelength and laser intensity nanostructures of variable size and shape can be produced [MÜN01, 
NED06, ZHO06]. 
Depending on the ratio between wavelength and particle size there are two model conceptions explaining the 
focusing of electromagnetic radiation by microsphere particles. For beads significantly larger than laser wavelength 
(r>>Ȝ) the focusing effect can be explained by refraction of the incoming light beams according to Snell’s law 
[ARN03, LUK03, BAE06]. The particle acts as a spherical lens focusing the incident light directly beneath the 
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The size of the focal spot grows linearly with the particle radius r and the slope depends on the respective 
refractive index n (see Fig. 1). 
For beads significantly smaller than laser wavelength (r<<Ȝ) this model loses its validity and the focusing of 
radiation is described according to Mie theory in the dipole approximation [ARN03, LUK03, BAE06]. The incident 
electromagnetic wave induces a dipole oscillation at the bottom side of the microsphere particle. This dipole can be 
regarded as a dot-like light source of sub-wavelength extent. Hereby sub-diffraction limited focusing of the incident 
radiation is possible as near-field components of the electromagnetic field are still present. In the dipole 
approximation model the focal spot size wd corresponds roughly the radius r of the microsphere particle (see Fig. 1): 
 
rwd         (2) 
 
For microsphere particles on a scale of the wavelength (r§Ȝ) neither the ray optics nor the dipole approximation 
allows a prediction of focal diameters. For this case Arnold presented an universal approximation for the size of the 
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Hereby k=2ʌ/Ȝ is the wave number of the electromagnetic field and the constant C contains the refractive index 
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 Fig. 1 shows the focal spot size curves for all three cases for a polystyrene microbead illuminated with IR 
radiation. The universal curve w smoothly combines the two limiting cases. 
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Fig. 1. Sphere focusing approximations for polystyrene microspheres irradiated with IR radiation (wavelength Ȝ=1064 nm, refractive index 
n=1.57): (a) linear scale; (b) logarithmic scale 
Due to adhesion forces and self organisation effects microsphere particles can be condensed in a hexagonally 
closed packed layer allowing large scale production of periodic arrays of nanostructures. This technique is called 
Contacting Particle Lens Array (CPLA) patterning [HUA03, GUO07]. The technology is extremely robust; yet, the 
flexibility of producible feature geometries is strongly restricted, even if approaches exist for the production of line 
and semi-circular structures by a variation of the angle of incidence [GUO07]. 
Tip based near-field nanostructuring approaches offer more flexibility. They use the tips of atomic force and 
near-field scanning optical microscopes for a focusing of ultrashort laser pulses and allow a direct-write production 
of arbitrary nanostructures [DIC97, NOL99, CHI05, LIN05, HON07]. However, these technologies generally 
require an elaborate distance control system in order to avoid damaging the substrate and the sensitive probe, 
respectively [WAN07]. Recently, McLeod and Arnold presented a nanostructuring technique that combines the 
robustness of microsphere near-field nanostructuring with the direct-write capability of the tip based approaches 
[MCL08, JOY08, MCL09]. They used a Bessel beam optical tweezer in order to control polystyrene and silica 
microparticles acting as a near-field lens for UV nanosecond laser pulses and thereby succeeded in direct-write 
production of sub-100-nm structures. Principally their setup corresponds to a quasi contactless version of a near-
field scanning optical microscope using an optically trapped particle instead of a massive probe (laser trapping near-
field scanning optical microscope) [SUG97, GU99] for the sub-diffraction limited near-field focusing of pulsed laser 
radiation. 
At the Chair of Photonic Technologies a modification of this optical trap assisted direct-write technique, using 
ultrashort laser pulses for the structuring procedure, is investigated within the DFG priority programme 1327. 
Ultrashort laser pulses offer possibility for further reduction of feature size and for a nanostructuring of transparent 
materials by utilizing nonlinear multi-photon effects. In the following sections a basic study of beam-matter 
interaction and near-field phenomena in microsphere near-field nanostructuring with picosecond laser pulses will be 
presented.  
2. Experimental Results 
In order to investigate the influence of particle size, laser fluence and polarisation in picosecond microsphere 
near-field nanostructuring, polystyrene microspheres of different sizes (Bangs Labs, 0.96 μm, 1.70 μm and 5.09 μm) 
have been deposited on a silicon substrate (111, p/Bor, polished, CZ) and irradiated with picosecond laser pulses 
(wavelength Ȝ=1064 nm, pulse width Ĳ=10 ps, output power P=10 W, repetition rate f=50 kHz) at different laser 
fluences. The variation of the laser fluence has been realised by defocusing of the Gaussian laser beam. Before the 
deposition of colloid and after the structuring procedure samples have been ultrasonic cleaned in an acetone bath. 
After cleaning the produced nanostructures have been analysed by a scanning electron microscope. 
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Fig. 2. Nanostructures produced by the irradiation of polystyrene microsphere particles on silicon substrates with picosecond laser pulses 
(wavelength Ȝ=1064 nm, pulse width Ĳ=10 ps, output power P=10 W, repetition rate f=50 kHz): (a) 0.96 μm polystyrene microbead on 
silicon, laser fluence: 100 mJ/cm²; (b) 1.70 μm polystyrene microbead on silicon, laser fluence: 100 mJ/cm²; (c) 5.09 μm polystyrene 
microbead on silicon, laser fluence: 100 mJ/cm²; (d) 5.09 μm polystyrene microbead on silicon, laser fluence: 50mJ/cm², no particle 
removal; (e) 5.09 μm polystyrene microbead on silicon, different laser fluences: 45-75 mJ/cm²; f) 5.09 μm polystyrene microbead on 
silicon, laser fluence: 35 mJ/cm², no particle removal, enlarged view. 
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Fig. 2 shows the produced nanostructures. The smaller the microsphere particle, the smaller are the produced 
structures. The visible burr surrounding produced structures shows that picosecond pulses do not allow a perfectly 
cold ablation on a nanometre scale. There is still a certain thermal influence of the workpiece material, yet restricted 
to an extent of about 100 nm. In order to study the influence of particle size, 0.96 μm, 1.70 μm and 5.09 μm 
polystyrene microbeads have been irradiated with laser fluence of 100 mJ/cm². Fig. 2 a to c show the produced 
structures. The obtained feature sizes show a certain distribution. Therefore, the diameter of the produced structures 
can only be determined with an uncertainty of ±50 nm. The smallest structures of approximately 350 nm±50 nm 
diameter have been produced with 0.96 μm microbeads (see Fig. 2 a). They are smaller than the Abbe resolution 
limit of Ȝ/2. With increase in particle size the diameter of the produced nanostructures increases slightly, yet stays 
with 500 nm±50 nm for the 1.70 μm beads and 700 nm±50 nm for the 5.09 μm beads on the scale of the optical 
resolution limit (see Fig. 2 b and c). The dimensions of the produced nanostructures show good correlation with the 
theoretical predictions obtained from formula (3) (compare Fig. 1). For 1 μm beads the experimentally obtained 
structure sizes are in good agreement with the theoretical prediction. The characteristic dimensions produced with 
larger beads exceed the calculated values as the laser fluence is higher than necessary for ablation. Therefore, in a 
wider area of the focal spot ablation threshold is reached. Generally, with increasing bead diameter the 
nanostructures become more pronounced as more light is bundled on one spot. For particles of 5 μm a further effect 
was observed. For the smaller diameters the particles generally were removed during the structuring procedure due 
to thermal expansion and ablated material. This means only one or few laser pulses contributed to the ablation 
process. However, for microspheres with diameters of 5.09 μm it was observed that at sufficiently low laser fluences 
a nanostructuring without a removal of the particle was possible. In this parameter range the nanostructures were 
more pronounced as many laser pulses contributed to the ablation process and their diameter increased to 
approximately 1 μm (see Fig. 2 d). This effect can also be observed in Fig. 2 e. These structures were produced with 
an inhomogeneous intensity profile, originating from a defocused Gaussian beam. Laser fluence increases top down. 
Although the laser fluence is higher in the bottom region, the produced nanostructures are less pronounced as the 
microsphere particles were removed instantly. There is a small band of laser fluence where near-field enhancement 
is still sufficient in order to overcome the ablation threshold, yet the particles are not removed by ablated material. 
At lower laser fluences ablation efficiency decreases further and pure melting of the substrate material becomes 
more pronounced. 
Besides the ablation efficiency, the shape of the produced nanostructures is significantly influenced by laser 
fluence and  number of irradiating laser pulses. The nanostructures in Fig. 2 d and e show a clear double hole profile 
aligned in the polarisation direction. An enlarged view of one of these double hole structures is shown in Fig. 2 f. In 
this parameter range, with contribution from numerous laser pulses and some substrate melting, the dipole character 
of the electromagnetic field beneath the microsphere particle is imprinted in the produced nanostructure. The energy 
of the ejected material and the thermal expansion of the substrate are no more sufficient to remove the particle. In 
this case the electromagnetic field of the laser pulse induces a dipole oscillation at the bottom side of the 
microsphere particle. A cast of the electric field of this oscillating dipole is preserved in the molten material. 
3. Numerical Simulations 
In order to explain size and shape of the nanostructures produced by the irradiation of polystyrene microspheres 
with picosecond laser pulses, a stationary numerical simulation model has been developed using the RF-module of 
Comsol Multiphysics software package. In this model the Maxwell equations are solved numerically using the finite 
element method. Fig. 3 to Fig. 5 a show the configurations used for the simulation model: a polystyrene microbead 
on a silicon substrate irradiated with IR laser radiation. As the study concentrates on the near-field focusing effect, 
the ultrashort pulsed character of the laser radiation was not considered in the stationary model. For a reduction of 
mesh size two symmetry planes parallel and orthogonal to the polarisation direction were introduced. Fig. 3 to Fig. 5 
b, c and c’ show the near-field intensity |Sz| affecting ablation when a near-field is involved [WAN04]. The near-
field intensity distribution differs from the classical far field intensity IĮEE* (compare Fig. 3 to Fig. 5 d and d’) as 
the electromagnetic near-field electric and magnetic field are out of phase. The EE* intensity distribution shows the 
double handle structure characteristic for the near-field of an oscillating electromagnetic dipole. Obviously, already 
on this scale, where particles are on the scale of the electromagnetic wavelength, a dipole oscillation is induced at 
the interface between microbead and substrate. 
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Fig. 3. Numerical simulation: (a) polystyrene microbead (diameter d=1 μm) irradiated with IR laser radiation (wavelength Ȝ=1064nm); (b) |Sz| 
side view; (c) |Sz| in substrate plane; (c’) |Sz| in polarisation direction; (d) EE* in substrate plane; (d’) EE* in polarisation direction 
 
Fig. 4. Numerical simulation: (a) polystyrene microbead (diameter d=2 μm) irradiated with IR laser radiation (wavelength Ȝ=1064nm); (b) |Sz| 
side view; (c) |Sz| in substrate plane; (c’) |Sz| in polarisation direction; (d) EE* in substrate plane; (d’) EE* in polarisation direction 
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Fig. 5. Numerical simulation: (a) polystyrene microbead (diameter d=5 μm) irradiated with IR laser radiation (wavelength Ȝ=1064nm); (b) |Sz| 
side view; (c) |Sz| in substrate plane; (c’) |Sz| in polarisation direction; (d) EE* in substrate plane; (d’) EE* in polarisation direction 
The full width at half maxima (FWHM) of the simulated near-field |Sz| intensity distributions with 
2·160 nm=320 nm for 1 μm beads, 2·150 nm=300 nm for 2μm beads and 2·190 nm=380 nm for 5 μm beads show 
good correlation with the theoretical predictions of equation (3) (compare Table 1). For the 1 μm beads the value of 
320 nm perfectly matches the experimental results of 300 nm±50 nm. For larger beads structure sizes are bigger as 
focusing efficiency is higher. The field enhancement factor increases with the radius of the microsphere particle as 
more energy contributes to the focal spot. Consequently the structures become more pronounced as, assuming 
constant laser fluence, ablation threshold is reached in a broader region. Taking this into account and choosing the 
intensity value of the 1 μm beads leading to 320 nm structures  as a reference, we obtain feature sizes of  
2·250 nm=500 nm for 2 μm beads and 2·380 nm=760 nm for 5 μm beads. These values perfectly match the 
experimental results taking into account the measurement uncertainty (compare Table 1). Furthermore, a look at the 
EE* intensity shows that this distribution is about two times broader compared to |Sz|. Their extend of 
2·410 nm=820 nm for the 5 μm beads perfectly corresponds the width of 800 nm of the experimentally observed 
double hole structures (compare Fig. 2 f and Fig. 5 d’). 
4. Conclusions 
Laser based microsphere near-field nanostructuring is a robust, low-cost technique for the production of sub-
diffraction limited nanostructures. The experimental results show that size and shape of the nanostructures produced 
by the irradiation of polystyrene microsphere particles with picosecond laser pulses are significantly influenced by 
the microbead size and laser fluence. On this scale, picosecond laser pulses do not allow a perfectly cold ablation 
and a sub-micron region always shows traces of thermal influence. The presented numerical simulation model 
developed in Comsol Multiphysics is capable of predicting the size and shape of produced nanostructures. The 
obtained results for intensity distributions beneath microsphere particles of various sizes on a silicon substrate show 
good correlation with both the experimental observations and theoretical calculations (compare Table 1). 
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Table 1. Comparison of theoretical, numerical and experimental results obtained for polystyrene particles of different diameters on a silicon 
substrate irradiated with picosecond laser pulses (wavelength Ȝ=1064 nm). The theoretical values are obtained from equation (3), 
simulation FWHM gives the |Sz| diameter of the numerical simulation model taken at the FWHM, simulation threshold gives the |Sz| 
diameter of the numerical simulation model taken at the threshold fluence determined for the 1 μm beads and experiment is the size of 
the experimentally produced nanostructures obtained from scanning electron microscope measurements. 





1 μm 350 nm 320 nm 320 nm 300 nm±50 nm 
2 μm 420 nm 300 nm 500 nm 500 nm±50 nm 
5 μm 520 nm 380 nm 760 nm 700 nm±50 nm 
Acknowledgements 
The authors gratefully acknowledge funding of the project “Gezielte lokale Sub-100-nm-Strukturierung durch 
ultrakurze Laserpulse mithilfe von mit einer optischen Pinzette positionierten Kolloiden unter Ausnutzung von 
Nahfeldeffekten” within the DFG priority programme 1327 “Optisch erzeugte Sub-100-nm Strukturen für 
biomedizinische und technische Applikationen” and the funding of the Erlangen Graduate School in Advanced 
Optical Technologies (SAOT) by the German National Science Foundation (DFG) in the framework of the 
excellence initiative. 
References 
[ARN03] N. Arnold, Applied Surface Science 208-209 (2003) 15-22. 
[BAE06] D. Bäuerle et al., D.M. Kane (ed.), Laser Cleaning II, World Scientific Publishing, Singapore (2006) 1-28. 
[CHI05] A. Chimmalgi et al., Journal of Applied Physics 97 (2005) 104319. 
[DIC97] K. Dickmann et al., Surface and Interface Analysis, Vol 25 (1997) 500-504. 
[GU99] M. Gu and P.C. Ke, Optics Letters, Vol. 24, No. 2 (1999) 74-76. 
[GUO07] W. Guo et al., Applied Physics Letters 90 (2007) 243101. 
[HON07] M.H. Hong et al, Journal of Physics: Conference Series 59 (2007) 64-67. 
[HUA03] S.M. Huang et al., Appl. Phys. A 77 (2003) 293-296. 
[JOY08] J. Joy et al., Proceedings of the 27th International Congress on Applications of Lasers and Electro-Optics (2008). 
[LIN05] Y. Lin et al., Appl. Phys. A 80 (2005) 461-465. 
[LU03] Y. Lu and S.C. Chen, Nanotechnology 14 (2003) 505-508. 
[LUK03] Luk’yanchuk et al., Appl. Phys. A 77 (2003) 209-215. 
[MCL08] E. McLeod and C.B. Arnold, Nature Nanotechnology, Vol. 3 (2008) 413-417. 
[MCL09] E. McLeod and C.B. Arnold, Optics Express, Vol. 17, No. 5 (2009) 3640-3650. 
[MÜN01] H.-J. Münzer et al.,  Journal of Microscopy Vol. 202, Pt. 1 (2001) 129-135. 
[NED06] N.N. Nedyalkov et al., Appl. Phys. A 85 (2006) 163-168. 
[NOL99] S. Nolte et al., Optics Letters, Vol. 24, No. 13 (1999) 914-916 
[VES05] K. Vestentoft et al., Appl. Phys. A 80 (2005) 493-495. 
[SUG97] T. Sugiura et al., Optics Letters, Vol. 22, No. 22 (1997) 1663-1665. 
[WAN04] Z.B. Wang et al., App. Phys. A 79 (2004) 1603-1606. 
[WAN07] Z.B. Wang et al., Proceedings of the LPM 2007 (2007). 
[ZHO06] Y. Zhou et al., Applied Physics Letters 88 (2006) 023110. 
244 K.-H. Leitz et al. / Physics Procedia 5 (2010) 237–244
